Abstract Nitric oxide (NO) and carbon monoxide (CO) are synthesized at high levels in asthmatic airways. NO can oxidize hemoglobin (Hb) to methemoglobin (MetHb). CO binds to heme to produce carboxyhemoglobin (COHb). We hypothesized that MetHb and COHb may be increased in asthma. COHb, MetHb, and Hb were measured in venous blood of healthy controls (n = 32) and asthmatics (n = 31). Arterial COHb and oxyhemoglobin were measured by pulse CO-oximeter. Hb, oxyhemoglobin, and deoxyhemoglobin were similar among groups, but arterial COHb was higher in asthmatics than controls (p = 0.04). Venous COHb was similar among groups, and thus, arteriovenous COHb (a-v COHb) concentration difference was greater in asthma compared with controls. Venous MetHb was lower in asthma compared to controls (p = 0.01) and correlated to venous NO (p = 0.009). The greater a-v COHb in asthma suggests CO offloading to tissues, but lower than normal MetHb suggests countermeasures to avoid adverse effects of high NO on gas transfer.
Introduction
Asthma is a chronic inflammatory disease of the airways characterized by reversible airflow obstruction and inflammation. The fraction of exhaled NO (FENO) is increased in asthmatics due to the induction of nitric oxide (NO) synthase, an enzyme that catalyzes the production of NO from L-arginine, by proinflammatory cytokines. The majority of NO exists as nitrate and nitrite in the blood, and the measure of these NO metabolites can be used to estimate the total NO produced. Thus, NO metabolites are referred to as venous NO. Venous NO content has been shown to be increased in asthmatic individuals as compared to healthy controls [1] . Nitrite reaction with the iron (Fe 2? ) in heme leads to Fe 3? heme, i.e., methemoglobin (MetHb) [2] . MetHb cannot bind oxygen, and consequently, high NO may result in lower oxygen carrying capacity in asthma. Similar to the inducible isoform of nitric oxide synthase, heme oxygenase-1 is upregulated in asthma [3] [4] [5] [6] . This enzyme catalyzes free heme to carbon monoxide (CO), free iron, and biliverdin. Exhaled CO is increased in asthmatics patients, which is attributed to greater heme oxygenase-1 levels [7] [8] [9] . Recently, CO has been shown to have cytoprotective effects against chronic inflammatory injury to tissue [10] [11] [12] . However, given that CO is increased in asthmatics and binds to heme with a much greater affinity than oxygen, asthmatic individuals may have higher than normal carboxyhemoglobin levels (COHb), which are related to asthma severity. A prior study showed that the arteriovenous carboxyhemoglobin (a-v COHb) concentration difference is increased in asthmatics having an acute asthma exacerbation, but the a-v COHb concentration difference is unknown in stable asthma [9] . NO and CO both interact with hemoglobin (Hb) much more avidly than O 2 [13] . Because asthmatics have higher than normal CO and NO, the heme group of Hb may be bound differentially to CO, O 2 , and/or NO. The interaction of Hb with these gases may impact O 2 delivery in the capillary beds.
Here, we hypothesized that CO and NO, both at higher levels in asthma, may interact with the heme of Hb and produce higher levels of COHb and/or MetHb. To test this, we measured venous levels of oxyhemoglobin, deoxyhemoglobin, COHb, MetHb, Hb, hematocrit, and NO, as well as arterial levels of COHb and oxyhemoglobin by oximetry.
Methods

Study Population
Healthy controls and asthmatics over the age of 18 were enrolled. Asthma diagnosis was based on having either a 12 % increase in FEV 1 after short-acting bronchodilator or a methacholine dose at which an FEV 1 drop greater than 20 % from baseline occurred of 16 mg/mL or less. All asthmatics were well controlled on medications. Healthy controls did not have a history of lung disease and were nonsmokers, defined as no cigarette smoking currently and within the last year. Because of sample limitations of blood drawing, samples were not available for all tests in all individuals testing; the number of samples assessed is provided with each result. The Cleveland Clinic Institutional Review Board approved the study, and all participants gave written informed consent.
Lung Functions and NO
Spirometry was performed using an automated spirometer (Koko, Longmont, CO) according to the American Thoracic Society guidelines with National Health and Nutrition Examination Survey (NHANES III) predicted equations. Subjects withheld short-acting b-agonist treatments for 4 h, long-acting b-agonist treatments for 12 h, and other asthma medications for the appropriate length of time to avoid interference with the spirometry. FENO was completed using a NIOX Mino (Aerocrine C&S, Sweden) consistent with the American Thoracic Society guidelines.
Blood Gas Measurements
Whole blood from a sodium heparin tube was used to measure venous COHb, MetHb, Hb, and hematocrit levels using a spectrophotometer (Radiometer ABL700, Westlake, OH). A Masimo Rad-87 CO-oximeter (Irvine, CA) was used to measure the arterial COHb and oxygen saturation. The sensor was placed on the patient's fingertip, and COHb and oxyhemoglobin levels were determined by the characteristic absorbance of visible and infrared light.
Venous NO Measurement
Nitrogen oxides in plasma samples were measured using chemiluminescence method as previously described [14] . Samples were treated with ZnSO 4 /NaOH to remove fat/ protein. Total nitrogen oxides were converted to NO by a saturated solution of VCl 3 in 1 M HCl, and NO gas generated was detected by the Sievers NOA 280i (GE Analytical Instruments, Boulder, CO).
Statistical Analysis
Quantitative measures were reported as mean ± SE and comparisons made using the Student's t test or analysis of variance (ANOVA). Categorical values were evaluated by Pearson's Chi-squared tests. All data were analyzed in JMP version 7.0.1. A p value B0.05 was defined as statistically significant.
Results
Study Population
The study population included 63 study participants consisting of 31 individuals with asthma and 32 healthy individuals (Table 1) . Asthmatics were similar to healthy controls in terms of age, gender, race, and BMI, but asthmatics had lower FEV 1 %, FEV 1 /FVC, and higher FENO as compared to healthy controls (Table 1) . Of the asthmatics, 16 % (n = 5) were receiving high-dose inhaled corticosteroids, 29 % (n = 9) low-dose inhaled corticosteroids, 6.5 % (n = 2) oral steroids, and 42 % (n = 13) on a long-acting beta-agonist as a part of their daily treatment. All others were on intermittent short-acting beta-agonist as needed. Patients had not experienced exacerbations of asthma for at least 6 weeks prior to testing.
Hemoglobin in Asthma
Asthmatics had hemoglobin and hematocrit similar to controls, taking gender into account (Table 1) . Healthy men had higher hematocrit and hemoglobin than healthy women, but asthmatic men had similar hematocrit and hemoglobin to asthmatic women. Asthmatic men tended to have lower hematocrit and hemoglobin than control men, which did not reach statistical significance. Arterial saturation was similar among controls (n = 30) and asthmatics (n = 31). Asthmatic women had a higher arterial oxyhemoglobin saturation than asthmatic men, and healthy women similarly tended to have higher arterial oxyhemoglobin saturation than healthy men (Table 1) .
Venous Blood Gases and Hemoglobin
Venous pO 2 , pCO 2 , and pH were similar among asthmatics (n = 23) and controls (n = 22). Similarly, venous oxyhemoglobin and deoxyhemoglobin levels were similar among asthmatics (n = 23) and controls (n = 22) ( Table 1) .
COHb and MetHb
Arterial COHb was higher in asthmatics (n = 31) as compared to controls (n = 30) (%COHb: controls 1.84 ± 0.32 %, asthma 3.24 ± 0.59 %; p = 0.04), but the venous COHb was similar among asthmatics (n = 23) and controls (n = 22) (%COHb: controls 1.64 ± 0.20 %, asthma 1.48 ± 0.14 %; p = 0.52) (Fig. 1a) . This resulted in a significant a-v difference in the asthmatics (n = 23) (1.89 ± 0.73; p = 0.02) but not in the controls (n = 20) (0.51 ± 0.55; p = 0.37) (Fig. 1b) . Arterial COHb, venous COHb, and a-v COHb were unrelated to FEV 1 %, FEV 1 / FVC ratio, or FENO. Interestingly, the venous MetHb levels were lower in asthmatics (n = 23) as compared to controls (n = 22) (%MetHb: controls 0.94 ± 0.04 %, asthma 0.78 ± 0.04 %; p = 0.01) (Fig. 2a) . The MetHb levels were not related to FEV 1 %, FEV 1 /FVC ratio, or the arterial or venous COHb in asthmatics and controls. Venous NO and FENO Although FENO was higher in asthmatics as compared to controls (n = 30) ( Table 1) , MetHb was lower in asthmatics than controls (Fig. 2a) . Furthermore, venous NO was similar among groups (venous NO (lM): controls 21.03 ± 3.34, n = 20, asthma 16.53 ± 2.14, n = 24; p = 0.25) (Fig. 2b) . MetHb levels were significantly related to venous NO in asthma (R = 0.56, p = 0.009) (Fig. 3 ), but not in controls (R = 0.12, p = 0.67). However, venous NO or MetHb were unrelated to FENO in asthma or controls.
Discussion
This study identifies an increase of arterial COHb levels and a-v COHb difference in stable asthma, suggesting that asthmatics produce more CO in the lung and offload more CO to tissues than healthy controls. To our knowledge, this is the first report that asthmatics have lower levels of MetHb than healthy controls. This indicates that asthmatics have systemic mechanisms to avert adverse consequences of high CO and NO in the airways in order to maintain efficient transport of oxygen to tissues. The finding of an increase in arterial COHb in asthma is consistent with those of previous studies of unstable asthma [5, 9] . Yasuda et al. reported that a-v COHb was high in a study population of 18 patients during an acute asthma exacerbation and that the a-v COHb was related to the degree of airflow obstruction as determined by FEV 1 [9] . This led to the concept that the a-v COHb concentration difference was associated with asthma severity and was a reflection of the amount of inflammation in the airway. Here, in stable asthmatics, the COHb and a-v COHb levels were not related to any spirometric value, specifically the FEV 1 % or the FEV 1 /FVC ratio.
On the other hand, the finding of a lower than normal MetHb level in asthmatics was unexpected. A higher than normal MetHb level was anticipated in asthma on the basis that NO can oxidize the Fe 2? in heme to Fe 3? to produce MetHb. Nadeem et al. showed that venous NO was higher in asthmatics as compared to controls in a study population of 28 nonsmoking asthmatics who were at least 4 weeks removed from an asthma exacerbation. Here, venous NO was similar among asthmatics and controls, despite high FENO. The FENO and NO in the circulatory system are not related in these stable asthmatics. However, the positive relationship of MetHb to venous NO confirms that NO in the circulatory system contributes to the formation of MetHb. The lower MetHb in asthma may be due to higher levels of methemoglobin reductase (also known as cytochrome b5 reductase), which is an enzyme that converts methemoglobin (Fe 3? ) to hemoglobin (Fe 2? ) in order to maintain heme-oxygen binding. More studies are needed to investigate mechanisms for the lower levels of MetHb, and the importance to gas transport in asthma.
One limitation of this study is that we did not collect arterial blood for COHb, nitric oxide, oxyhemoglobin, deoxyhemoglobin, or MetHb levels. This would have provided greater quantitative assessment of the arterial levels, and a-v differences among the various heme binding states. Second, exhaled CO levels were unavailable for subjects, which limits the mechanistic insights of origin of the greater arterial COHb content. Third, methemoglobin reductase was not assessed, as we had anticipated higher than normal MetHb in asthma.
In conclusion, this is the first study to identify variations in the heme state in stable asthma. The gases CO, NO, CO 2 , and O 2 all bind to and influence hemoglobin through the interactions with the heme group. Further work is needed to explain the interactions of these gases with heme in asthma and the relevance to gas transfer.
